]i oscillations that originate from foci with high spark incidence and also represent Ca 2ϩ release through RyR channels. With increasing agonist concentration, the peak of regional [Ca 2ϩ ]i oscillations remains relatively constant, whereas both frequency and propagation velocity increase. In contrast, the global cellular response appears as a concentration-dependent increase in peak as well as mean cellular [Ca 2ϩ ]i, representing a spatial and temporal integration of the oscillations. (20, 71, 81) , and skeletal muscles (57, 62, 99) . Furthermore, agonist-induced propagated [Ca 2ϩ ] i oscillations, which have been reported in vascular (12, 37, 42), colonic (70),
distributions with every occurrence within and across cellular regions. Individual sparks are often grouped, and fusion of sparks produces large local elevations in [Ca 2ϩ ]i that occasionally trigger propagating [Ca 2ϩ ]i waves. Ca 2ϩ sparks may modulate membrane potential and thus smooth muscle contractility. Sparks may also be the target of other regulatory factors in smooth muscle. Agonists induce propagating [Ca 2ϩ ]i oscillations that originate from foci with high spark incidence and also represent Ca 2ϩ release through RyR channels. With increasing agonist concentration, the peak of regional [Ca 2ϩ ]i oscillations remains relatively constant, whereas both frequency and propagation velocity increase. In contrast, the global cellular response appears as a concentration-dependent increase in peak as well as mean cellular [Ca 2ϩ ]i, representing a spatial and temporal integration of the oscillations. ] i ) in smooth muscle involves multiple mechanisms including Ca 2ϩ influx and efflux across the plasma membrane, second messenger production, sarcoplasmic reticulum (SR) Ca 2ϩ release, and reuptake (which may themselves be feedback regulated by [Ca 2ϩ ] i levels). Agonists elevate [Ca 2ϩ ] i by increasing Ca 2ϩ influx and by eliciting SR Ca 2ϩ release, mediated through both inositol 1,4,5-trisphosphate (IP 3 ) receptor channels (5, 21, 96) and ryanodine receptor (RyR) channels (53, 100, 101, 107) .
Spatial and kinetic or temporal differences in [Ca 2ϩ ] i regulatory processes exist across cells, leading to intercellular heterogeneity in [Ca 2ϩ ] i regulation both under basal conditions and during agonist stimulation. Intracellular heterogeneity in [Ca 2ϩ ] i regulation may also arise from variations in the distribution of membrane receptors, production and/or diffusion of second messengers, and SR and membrane Ca 2ϩ channels. Such heterogeneities in [Ca 2ϩ ] i regulation are evidenced by spontaneous localized [Ca 2ϩ ] i transients, termed Ca 2ϩ sparks, which have been reported in several cell types, including smooth (77) , cardiac (20, 71, 81) , and skeletal muscles (57, 62, 99) . Furthermore, agonist-induced propagated [Ca 2ϩ ] i oscillations, which have been reported in vascular (12, 37, 42), colonic (70) , uterine (55) , and airway (67, 84, 93) 77, 80, 93) . Because the single-channel currents through RyR channels in these muscle types are comparable, several investigators have combined imaging of [Ca 2ϩ ] i with mathematical calculations to determine the numbers of individual RyR channels that likely contribute to a spark. The Ca 2ϩ flux has been estimated to be ϳ4 pA over 10 ms (20) . On the basis of an estimated 0.6 pA of current through a single RyR channel, sparks are estimated to involve activation of ϳ10 channels (72) . The relative spatial distribution of the channels of a sparking unit has been observed only recently (35, 47, 48, 80) . Using rapid real-time twodimensional confocal imaging of Ca 2ϩ sparks, while maintaining a temporal resolution comparable to that of line scans used in the original and fundamental studies on sparks (57, 62, 71, 77, 81, 99) , we found that the area occupied by a spark, at least in tracheal smooth muscle, is ϳ1.2-1.5 m (80) . Other studies in vascular smooth muscle have estimated the width of the spark to be ϳ1.5 m (74, 77, 82) . However, the area of sparking appears to vary from event to event within a sparking region (80) ] i likely reflect the rate of Ca 2ϩ release through the RyR channels and the rate of diffusion of Ca 2ϩ away from the site of the spark. Indeed, in tracheal smooth muscle, we observed groups of three to four individual Ca 2ϩ sparks, separated by periods of quiescence (80, 93) . These events may represent localized facilitation of sparking from different groups of RyR channels with differing activation histories and kinetics. The frequency of sparks then likely reflects channel kinetics, local [Ca 2ϩ ] i , and the sensitivity for RyR channel activation.
Within single cells, multiple foci for Ca 2ϩ sparks have been observed essentially in every smooth muscle type. In tracheal smooth muscle, we found that adjacent regions of Ca 2ϩ sparking are often coupled, whereas more distant regions display sparks independently (80, 93 sparks increase the open probability of BK Ca and produce hyperpolarization in arterial smooth muscle of ϳ20 mV (33). It has been suggested that, due to the electrical coupling between smooth muscle cells, even local changes in membrane potential should lead to hyperpolarization of the entire muscle, thus changing arterial tone (27).
In addition to BK Ca , Ca 2ϩ sparks have been shown to modulate membrane potential via Ca 2ϩ -activated Cl Ϫ channels in guinea-pig tracheal smooth muscle (108 ] i oscillations are initiated when the incidence of Ca 2ϩ sparks, especially if they occur frequently enough to fuse, reaches a critical threshold triggering CICR in adjacent regions. The sensitivity of RyR to CICR may be further affected by changes in factors such as second messengers (e.g., cADPR) and/or cyclic nucleotides.
In terms of temporal aspects, the characteristics of oscillations have also been found to vary between cells and cell types. For example, in porcine tracheal smooth muscle cells, we have found that ACh induces [Ca 2ϩ ] i oscillations that initiate with higher frequency, smaller amplitude, and higher propagation velocity and then slowly settle down to a slower frequency and propagation velocity but larger amplitude for the remainder of agonist exposure (84, 86) . Similar timedependent variations in oscillation frequency and amplitude have also been noted in vascular smooth muscle exposed to phenylephrine and norepinephrine (42, 56, 88) . However, unlike tracheal smooth muscle, in human vascular smooth muscle (12) and guinea pig airway smooth muscle (95) (11, 69) . Accordingly, with increasing agonist concentration, the rise in basal Ca 2ϩ due to several mechanisms would lead to an increase in oscillation frequency. Furthermore, with increasing basal Ca 2ϩ , the rate of SR Ca 2ϩ reuptake increases (39), leading to faster SR refilling and an increase in oscillation frequency. Increase in propagation velocity with agonist concentration, observed in some smooth muscle types (86, 87, 98) ] i and the development of force. This delay has been found to be predominantly due to the slow recruitment of calmodulin from intracellular pools and the isomerization of the Ca 2ϩ -calmodulin-myosin light chain kinase complex, with time constants in the hundreds of milliseconds (24). Because the duration of individual [Ca 2ϩ ] i oscillations tends to be considerably less than the time constants, these intracellular processes effectively integrate the more rapid changes in [Ca 2ϩ ] i . Furthermore, the slower rate of relaxation of smooth muscle cells introduces an additional delay in respond- ] i oscillations may also modulate cross-bridge cycling in smooth muscle. Studies have suggested that agonist stimulation leads to myosin cross bridges going through a rapid cycling phase followed by a low-energy "latch" state in which they maintain the force of contraction (97, 103 ] i oscillations reduce the threshold for activation of transcription factors and that oscillation frequency can be used to selectively activate certain transcription factors. Li et al. (66) found that repetitive applications of IP 3 result in more gene expression in activated T cells compared with steady application. Calcium waves have also been proposed to influence cardiac muscle growth and function (29). Although the role of [Ca 2ϩ ] i oscillations has not been examined in terms of gene expression in smooth muscle, this represents an exciting area of future research. In this regard, if [Ca 2ϩ ] i oscillations represent the summation of multiple sparks, with the latter being an elemental form of Ca 2ϩ regulation, then the possibility exists that sparks themselves are involved in basic cell signaling for gene expression, cellular differentiation, and proliferation at a local level.
In conclusion, spatial and temporal heterogeneity of [Ca 2ϩ ] i is evident in several smooth muscle types. Such heterogeneity allows for both local and global control of cellular function. The mechanisms underlying the establishment of [Ca 2ϩ ] i heterogeneity may be tailored toward the specific function of a cell type. Such heterogeneity may be important not only in regulation of force, a key function of smooth muscle, but also in other aspects of cell signaling. 
